Animal temperament and individual animal personalities in combination with an animal's ability to cope with stressful situations have been studied in the past. There are clear differences between cattle breeds in urinary catecholamine concentration. Individual differences in behaviour exist in a large number of species and breeds within species. This review gives an overview of the involvement of catecholamines in the expression of stress in animals. Domestication, the heritability of stress and terms currently used in animal personality research are discussed. This includes animals used for production. The aim of this review is to consolidate and present current knowledge on the function of an activated catecholamine system and to question whether behavioural changes of animals are tending towards increased aggressiveness or towards improved coping mechanisms.
Introduction
In the past, selection of animals in the livestock industry relied heavily on certain production traits. More recently, temperament has been considered to a greater extent in calculating breeding indexes. In beef and dairy cattle, heritability in temperament scores is high for flight speed, followed by docility and chute score, which is moderately heritable (Van Oers et al., 2004; Haskell et al., 2014) . Aggression is also highly heritable in pigs (d'Eath et al., 2009) , but selection against aggressive behaviour is not as simple as it seems. In pigs and in cattle, aggressive conduct towards the handler is often related to increased maternal behaviour (Haskell et al., 2014) , which is a positive trait in mothering ability.
Research on animal stress and temperament is aimed at improvement in animal welfare (Disanto et al., 2014) , in production potential (Burdick et al., 2010) and in product quality (Grandin, 2009; Muchenje et al., 2009) . It seems that animal temperament, the way in which an animal expresses fear, and individual animal personalities are not clearly defined, which leads to confusion in interpretation. Various hormonal responses -such as catecholamine concentrations -have been measured to understand the hormonal regulation of a stress response, but with contradictory results. Understanding the term 'stress response' in animals is complicated by the findings of Finkemeier (2018) , who showed that there are individual differences in behaviour in many species, including livestock. This review gives an overview of the involvement of catecholamines in the expression of stress in animals, and the heritability of catecholamine synthesis, and how it relates to domestication. Terms that are currently used in animal personality research are discussed.
Evaluation of temperament scores
An animal's tameness towards humans and its associated ease of handling are important aspects of the domestic phenotype (Price, 1999) . In the past, temperament was defined as the fear response of cattle towards human handling (Fordyce et al., 1985; Petherick et al., 2003) . Temperament scores are calculated as the animal's flight speed or exit velocity from a crush (Boles et al., 2015) . Flight speed is measured as the amount of time it takes an animal to cover 1.7 m after leaving a crush. Animals with a slow flight speed are classified as tame (with a better temperament) and attain lower temperament scores (Fordyce et al., 1988) .
The temperament of production animals has a direct effect on the economic return to a producer. It has an effect on growth rate, irrespective of production system. Better temperament scores of animals in feedlots correlate with higher growth rates in comparison with animals with poor temperaments (Fordyce et al., 1988; Hammond et al., 1998) . Interestingly, these observations were made regardless of whether favourable scores resulted from intensive long-term handling or from animals that were naturally docile. Similarly, there was a relationship between growth rate and temperament in Bos taurus steers and heifers that grazed on pasture (Burrow & Dillon, 1997) . Cafe et al. (2011) found that cattle with more excitable temperaments (as measured by exit velocities) had consistently lower feed intake and slower growth rates, resulting in smaller carcasses.
In addition to growth rate, animal temperament influences the dressing percentage of meat-producing animals. Bos indicus-type cattle are perceived as less docile than Bos taurus types. According to Burrow & Dillon (1997) , bruise trim per carcass rises by about 0.3 kg per unit increase in temperament score. Carcasses from aggressive or temperamental cattle that were transported display more bruises along the back and around the tuber coxae and tuber ischii areas (Fordyce et al., 1988) .
In addition to poor growth performance and lower dressing percentages, ante-mortem stress can have a negative effect on meat quality attributes. Animals with poor temperament scores have tougher meat and animals with better temperament scores are not only easier to handle, but obtain better meat tenderness values (Fordyce et al., 1988; Voisinet et al., 1997; Cafe et al., 2011) . The relationship between excitable temperaments and higher shear force values is stronger in Bos indicus than in Bos taurus breeds (Voisinet et al., 1997; Cafe et al., 2011) . From all these findings it is clear why researchers and producers often study animal temperament.
Discovery and functions of catecholamines
Almost a century ago, researchers became interested in the study of 'stress hormones', the involvement of these hormones in metabolism and the ways in which they influence behaviour. Many researchers (Cannon, 1929; Goldstein, 1995; Goldstein, 2003; Kvetnansky et al., 2009; Muchenje et al., 2009; O'Neill et al., 2012; 2016; have reported on the biochemical pathways and how catecholamines are involved in the expression of stress and fear. Cannon (1926) introduced the term 'fight or flight'. Selye (1936) defined stress as 'a nonspecific response of the body to any demand imposed upon it', and Goldstein (1995) explained that a stress response has a primitive kind of specificity.
The biological effects of catecholamines are mediated by two classes of trans-membrane receptors, namely α-and β-adrenoreceptors (also known as adrenergic receptors). An agonist is a substance that binds to a hormone receptor to trigger a hormonal response. An antagonist is a substance that binds to a hormone receptor, but fails to elicit a hormonal response and blocks any agonist action (Voet & Voet, 1990) . α-and β-adrenoreceptors, which occur on separate tissues in mammals, generally respond differently and often oppositely from catecholamines (Voet & Voet, 1990) .
Stimulation of α-adrenoreceptors by α-agonists causes intracellular effects that are mediated by the inhibition of adenylate cyclase (α2 receptors) or via the phosphoinositide cascade (α1 receptors). This leads to the stimulation of smooth muscle contraction in blood vessels that supply peripheral organs such as skin and kidney, smooth muscle relaxation in the gastrointestinal tract and blood platelet aggregation. Stimulation of β-adrenoreceptors by β-agonists activates adenylate cyclase which leads to increased glycogenolysis and gluconeogenesis in liver and skeletal muscle, increased lipolysis in adipose tissue, smooth muscle relaxation in the bronchi and blood vessels that supply the skeletal muscles, and increased heart rate. Most effects are directed towards a common end: the mobilization of energy resources and their shunting to where they are most needed to prepare the body for sudden action (Voet & Voet, 1990) .
Stress experienced by livestock is an inevitable result of transport, handling, feed withdrawal and mixing of animals from unfamiliar groups (Warriss, 1990; Apple et al., 2005; O'Neill et al., 2018) .
Measuring circulating catecholamines or catecholamines in the urine or the brain will not give a clear indication of stress, fear or temperament. In some scientific communities, catecholamines are referred to as coping hormones as these hormones provide energy to the brain and a deficiency may lead to 'energy deficiency syndromes' in the brain (Todd & Botteron, 2001) . Catecholamine deficiency and hyperactivity have been indicated in human beings. In humans, dysfunctional catecholaminergic neurotransmitter systems contribute to the symptoms of attention deficit hyperactivity disorder (ADHD) (Sontag et al., 2010) . The use of animal models for ADHD was evaluated and validated by Mefford & Potter (1989) and Pliszka et al. (1996) . Arnsten et al. (1996) emphasized the role of norepinephrine in focusing on stimuli or tasks. In a study by Sirvio et al. (1993) agents that increased brain norepinephrine improved attention in rats.
Increased blood flow to the brain as a result of the activation of the catecholamine system makes an animal more able to cope with stressful situations (Sontag et al., 2010) . The mechanisms that involve norepinephrine and corticotrophin-releasing factor act in tandem in such a way that norepinephrine systems regulate the release of brain corticotrophin-releasing factor via a α1-adrenoreceptor (Clark et al., 1988) .
Activation of the catecholamine system Acute stress
The two central integrated processes, namely the autonomic nervous system and hypothalamicpituitary-adrenal axis, are activated as neuroendocrine responses to fear-eliciting stimuli. Acute stressors, such as human contact, activate an autonomic response to initiate a reaction that requires a rapid response. By activating the autonomic nervous system, tachycardia, increased respiration rate, elevated body temperature and redistribution of visceral blood volume towards skeletal muscle and the brain are some of the physiological changes that occur. The sympatho-adrenal component of the autonomic response is mediated by catecholamines -epinephrine and norepinephrine. Activation of the hypothalamic-pituitaryadrenal axis is manifested by the release of glucocorticoids from the adrenal cortex, and operates independently of stressful situations (Ferguson & Warner, 2008) .
If an animal is stressed through transport and handling, there is a quick release of catecholamines, which leads to changes in the carbohydrate metabolism to provide glucose for important functions (Lacourt & Tarrant, 1985) and to assist an animal to cope with adverse situations. The catecholamine-induced effects on glucose homeostasis were termed by (Barth et al., 2007) -catecholamine infusion under physiological conditions is associated with enhanced rates of aerobic glycolysis, adenosine triphosphate (ATP) production, and glucose released from glycogenolysis and gluconeogenesis.
Dopamine is a catecholamine that is secreted under stressful situations. Intermittent tail-shock stress in mice increases extracellular dopamine relative to baseline values and it is concluded that dopamine concentration increases during adverse conditions (Abercrombie et al., 2006) . Dopamine is involved in an animal's attraction to a stimulus that predicts reward (Lacourt & Tarrant, 1985) and is involved in gluconeogenesis (Matsumura et al., 1980) . O'Neill (2016) showed that cattle breed types differ in terms of dopamine secretion. Simmental breed types had significantly higher dopamine levels compared with Nguni and Brahman types. Dopamine helps to guide an animal towards objects in the environment that provide food and warmth and away from dangerous objects or environments (Parkinson et al., 2002) . This strengthens the idea that catecholamines should be classified as coping hormones.
Hunger
During periods of feed withdrawal, plasma-free fatty acid concentration increases because fat reserves are mobilized to supply the animal with its energy requirements. Ferguson & Warner (2008) stated that the need for energy is basic and animals in transit may experience hunger. The inability of an animal to resolve this state may invoke further psychological distress (Ferguson & Warner, 2008) . Catecholamine secretion results in significant changes in energy metabolism, including lipolysis, glycogenolysis in muscle and gluconeogenesis. Epinephrine is an effective initiator of glycogenolysis. It mediates glycolysis through a series of biochemical changes that amplify the cyclic adenosine monophosphate-mediated pathway. In this way, epinephrine activates vast amounts of phosphorylase rapidly (Ylä-Ajos, 2006) . The primary source of energy to the brain is blood-borne glucose (Todd & Botteron, 2001 ) and therefore catecholamines are crucial in providing the brain with 'energy'. Exposure to mixing and transport with feed and water withdrawal increases the utilization and synthesis of dopamine, norepinephrine and epinephrine, which implies that with feed restriction there may be a shortage of catecholamines (Schaefer et al., 2001; O'Neill et al., 2018) . When catecholamine synthesis is compromised through restricted feeding, animals become less resistant to stress. Under these conditions, animals cannot cope and develop an array of counterproductive behavioural (learned helplessness) changes. Stressed feed-restricted animals are unable to respond appropriately to stimuli. They are unable to function normally, and eating and sleeping patterns are disturbed (Anisman & Zacharko, 1986 and Lieberman, 1994 , cited in Schaefer et al., 2001 . O'Neill (2016) found that 24-hour feed withdrawal had no effect on urinary norepinephrine and epinephrine concentrations, but dopamine concentration was significantly lower when feed was withdrawn for 24 hours compared with three hours. The ratios of norepinephrine conversion to dopamine and epinephrine conversion to dopamine were significantly higher when feed was restricted for 24 hours.
Transport and increased activity
Animals that are transported may experience increased activity (Ferguson & Warner, 2008) . Contracting muscle needs glucose and ATP as energy source. The rate of glycogenolysis in resting living mammalian muscle is low. In contracting muscle, glycogenolysis is triggered by a cascade of activating glycogenolytic enzymes. This is initiated by, among others, increased catecholamine release, a subsequent increased calcium ion (Ca 2+ ) content in the cytosol or a combination of these processes (Tarrant, 1989; Spriet et al., 1990) . At an early stage of exercise, muscle contraction stimulates glycogenolysis (Richter et al., 1981; 1982) . Muscle contraction induces the conversion of inactive phosphorylase to the active form through an allosteric activation caused by Ca 2+ release from the sarcoplasmic reticulum (Roach, 2002) . This triggers immediate glycogen breakdown. Continued glycogenolysis needs the direct effect of epinephrine on muscle (Richter et al., 1982) or phosphorylase reverts to resting levels (Richter et al., 1982; Hespel & Richter, 1992) .
Pain
Norepinephrine is involved in the perception of pain by an animal. Pain sensitivity (beyond opioidergic control) decreases through descending noradrenergic pathways (Devor et al., 1984) . The main role of norepinephrine release and the onset of a socially relevant stimulus is the establishment of somatic and neural conditions that ensure maximal efficiency in coping. Rodriguez et al. (2018) used biomarkers and found variations in plasma concentrations of norepinephrine, substance P and β-endorphin in a study in which pain through lameness in cows was investigated. Rodriguez et al. (2018) concluded that further studies should be done in this field to evaluate the potential use of biomarkers in the detection of chronic bovine painful conditions and the interaction between catecholamines and endorphins.
The role of catecholamines in domestication
Catecholamines plays a crucial role in an animal's ability to cope with stressful situations because selection for tameness results in increased catecholamine synthesis, which is linked to tamer and more domesticated animals. From the results of domestication studies, it was found that selection for tameness in foxes and rats influences the catecholamine system of the brain (Cuomo-Benzo et al., 1977; Price, 1999) . Similarly, domestication of Sprague Dawley and Long Evans rats resulted in significant increments in norepinephrine and epinephrine content in whole brain (Cuomo-Benzo et al., 1977) . In rats and foxes, selected tame animals had higher levels of norepinephrine in the hypothalamus than unselected non-tame control lines. Lower levels of norepinephrine were found in wild rats compared with domesticated rats. Researchers concluded that selection pressure favours high norepinephrine content in the domesticated rat and silver fox. This enables the domesticated rat to perform effectively in laboratory test situations (CuomoBenzo et al., 1977) .
Heritability and gene expression of catecholamine synthesis
Catecholamine synthesis is inherited genetically as polymorphisms occur in the dopamine-β-hydroxylase gene (Kopeckova et al., 2006) . Dopamine-β-hydroxylase is the enzyme that is responsible for the conversion of dopamine to norepinephrine and is released as a response to exposure to stressful situations. Dopamine-β-hydroxylase activity is derived largely from sympathetic nerves and is measured in human plasma. Polymorphisms occur frequently in the dopamine-β-hydroxylase gene, the G444A, G910T, C1603T, C1912T, C-1021T, 5'-ins/del and TaqI (Kopeckova et al., 2006) . These polymorphisms affect the function of gene products or modify gene expression, and thus influence the progression of ADHD (Kopeckova et al., 2006) and possibly animal temperament.
Catecholamines are coping hormones
In human studies, ADHD and over-reactivity have been ascribed to catecholamine shortages, with subsequent lower blood flow to the brain, coupled with lower gluconeogenesis (Todd & Botteron, 2001 ). Human subjects with this disorder were unable to cope with challenging environments. Clearly catecholamines are responsible for providing the brain with sufficient glucose to cope with environmental stimuli. Galvin et al. (1995; measured decreased activities of dopamine-β-hydroxylase in serum and urine in patients with ADHD and concluded that low dopamine-β-hydroxylase levels correlate indirectly with the seriousness of the hyperkinetic syndrome in children (Galvin et al., 1995; .
When animals experience acute stress through transport and handling, a quick release of catecholamines leads to changes in the carbohydrate metabolism to provide glucose for important functions and to aid an animal in coping with stressful situations. By activating the autonomic nervous system, tachycardia, increased respiration rate, elevated body temperature and redistribution of visceral blood volume towards skeletal muscle and the brain are some of the physiological changes that occur (Lacourt & Tarrant, 1985) .
In stress research, 'coping' is defined as a set of behavioural and physiological characteristics of an individual that is trying to overcome the challenge of an adverse situation. In the animal kingdom, two coping patterns are distinguished: an 'active pattern' and a 'passive pattern' (Krause, 2017) . Studies in fish and birds often use the terms 'shyness' and 'boldness ' (Coleman et al., 1994) . Despite domestication, targeted selection, genetic modification and inbreeding, the same coping strategies can be observed in laboratory and farm animals.
Studies focusing on coping styles in animals suggest that the 'active' response is characterized by a typical active fight-or-flight response in adverse situations. This is often associated with territorial control, aggression and risk taking (Cannon, 1929; Koolhaas et al., 1999) . On the other hand, the 'passive' coping style shows a conservation withdrawal response in adverse situations. This is often recognized behaviourally by immobility and low levels of aggression (Engel & Schmale, 1972) . These two coping styles differ fundamentally in their general adaptive response patterns to challenges (Koolhaas et al., 1999) , which leave unanswered many questions in the study of animal behaviour.
Comparison of catecholamine concentration between cattle breeds
Results from O'Neill (2016) indicate that ante-mortem urinary norepinephrine and epinephrine concentrations that are sampled from the bladders of cattle immediately after slaughter differ between breeds. Ante-mortem urinary catecholamines of Nguni cattle are higher than those of Brahman and Simmental. The conversion rates of dopamine to norepinephrine and dopamine to epinephrine differ significantly between breeds. For Brahman-type cattle the conversion rate of dopamine to norepinephrine and epinephrine is higher compared with Simmental-type cattle, and Nguni is intermediate between Brahman and Simmental (O'Neill, 2016) . Since dopamine-β-hydroxylase is responsible for converting dopamine into norepinephrine and subsequently epinephrine, it may explain differences in catecholamine synthesis between Brahman, Nguni and Simmental. Simmental cattle have significantly higher dopamine levels compared with Nguni and Brahman (O'Neill, 2016) . Aversive conditions (such as transport and handling at an abattoir) increase urinary dopamine, as described for other species by Abercrombie et al. (2006) . Dopamine has been shown to be involved in gluconeogenesis (Matsumura et al., 1980) to make glucose available to an animal to cope with its environment. Dopamine is an important neurotransmitter, which is involved in an animal's attraction to a stimulus that predicts reward (Parkinson et al., 2002) . This adaptive value helps to guide an animal towards objects in the environment that provide food and warmth and away from dangerous objects or environments. Simmental cattle may be more adaptive in the way that they seek rewarding stimuli.
Catecholamines have been implicated in the behaviour and domestication timeline of different animal species. From classic domestication studies with silver foxes (Nikulina, 1990) and rats (Price, 1999) , animals with a possible longer history of domestication were tamer and showed higher levels of catecholamines in the central and peripheral nervous system. Results from domestication studies (Nikulina, 1990; Price, 1999) and research that indicated that Bos indicus breed types are more temperamental than Bos taurus types (Voisinet et al., 1997; O'Neill, 2016) emphasise the need for a paradigm shift in the traditional way of classifying catecholamines as purely 'stress hormones'. The involvement of catecholamines in cattle temperament should be considered because Nguni and Simmental showed higher levels of urinary catecholamines than the typically temperamental Brahman.
The complexity of animal personality Finkemeier (2018) indicated the importance of investigating and understanding individual animal differences. Not only do breeds differ in catecholamine synthesis, but each animal exhibits its own personality and reacts differently to external stimuli (Finkemeier, 2018) . This can be used as a possible means of measuring and improving states of welfare.
During domestication of livestock species, animal behaviour has changed to lower levels of aggression (Rauw et al., 2017) . Rauw et al. (2017) uses the term 'reactive copers'. They reported that artificial selection by animal producers to improve production traits may have resulted indirectly in the selection of animals that count as reactive copers. Animal personality and an animal's expression of fear are not easily understood. For example, sudden changes in behaviour such as aggressiveness towards the handler may be an indication of pain or other problems (Fureix et al., 2008) .
Adaptation to environment of individual animals plays a critical role in fear responsiveness. Animals that are not adapted to their environment may experience diminished welfare, which can lead to reduced productivity. Animal personality influences behaviour and physiology directly and therefore individual welfare. One should keep in mind that welfare, via a feedback loop, can influence behaviour and physiology directly. Especially in farm animals, domestication has an impact on behaviour and physiology and influences breeding directly (Finkemeier, 2018) .
Conclusion
The measurement of catecholamine concentration per se is not an indication of an animal's reactive behaviour towards a stressful stimulus. Domestication studies reveal that animals with longer domestication history are tamer, with genetically higher catecholamines in the system. The conversion of dopamine to norepinephrine and epinephrine is dependent on dopamine-β-hydroxylase, which is inherited genetically and is implicated in humans and the expression of ADHD and validated against animal models. Each animal exhibits its own unique personality and expresses fear differently. The terms 'coping style' and 'temperament', which are used in different ways, should not be examined as independent concepts. Farm animal personality should be increasingly considered to improve animal housing, management, breeding and welfare.
